Abstract -In this paper, the formation of insolubility in milk powder is described, and the factors affecting the reaction are discussed. The zone in which casein proteins are most sensitive to heat is in the moisture range that occurs during spray drying. The rate of reaction has been determined and shows differences of orders of magnitude with the moisture content. The effect of chemical reagents on the extent of reaction gives insights into the chemical bonds that inhibit hydration. Information on the drying of casein products and individual proteins is used to infer that the withdrawal of moisture from casein proteins and the concentration of divalent cations during drying lead to alterations in the conformation of proteins that have an adverse effect on their rehydration during reconstitution. Further work to fully characterise these effects is required.
MILK COMPONENTS
The major components of milk are carbohydrate (lactose, in solution), fat (colloidal emulsion), minerals (in solution and in the casein micelles), whey proteins (20% of the protein) and casein proteins. Proteins are formed from a number of amino acids; the hydrophilicity of these groups is estimated to range from 0 kcal·mol −1 for glycine to 22.3 kcal·mol −1 for arginine [11] . The backbone of the chain is also hydrated. The whey proteins exist in milk as small units (monomers or dimers). During the heat treatment of milk, at the beginning of the evaporation process, the whey proteins change their conformation, associate and may react with κ-casein [10, 37] .
Most of the casein in milk exists as micelles, with an average diameter of about 200 nm [12] . Some models have proposed arrangements of the proteins within the micelle as clusters or sub-micelles [16, 25, 45] , but the physical arrangement is still subject to much debate [12, 40] . One of the models of casein in milk is as a cluster of several hundred casein molecules, with the proteins arranged with a dense hydrophobic core, in which most of the hydrophobic parts of the casein molecules are buried, and a more loosely packed hydrophilic outer layer, containing most of the acidic (carboxylic and phosphoric) groups and some of the basic groups [47] . What is agreed is that the micelles are stabilised in water by the hydrophilic portions of κ-casein, and to a lesser extent β-casein, proteins. It has been clearly demonstrated that the hydrophilic "tail" of κ-casein on the surface of the micelle stabilises the micelle in solution.
A number of effects come into play as water is removed and the concentration of the milk is increased [48] . The charged species move closer and are more likely to interact. The salt equilibria change with concentration. However, the calcium activity increases only slightly, because calcium phosphate is saturated in milk and the quantity of calcium associated with the casein micelles increases. The ratio of monovalent cations to divalent cations increases. The pH decreases somewhat. Because of these changes in the ionic environment, the orientation of the protein chains may change.
The milk powder industry can be regarded as comprising the steps of removing most of the water (dehydration), prolonged storage and then replacing the water (hydration), with the components restored to close to their original state. With reconstitution in water at ambient temperatures and soluble proteins, the system can take 2 or 3 h to equilibrate to near the final equilibrium values of ionic calcium and phosphorus [5, 32] . The equilibration of components usually takes place with soluble particles, as, over the years, the drying conditions for skim milk powder (SMP) have been optimised. In this paper, we are concerned with the role of the hydration of the caseins in milk powders when the conditions are not as ideal, either because of the particular drying conditions used or because of the considerably higher protein content of the product. In spray drying, the whey proteins are generally unaffected [23] , and the insoluble material arising from drying is primarily casein [31] .
Reconstitution of milk powders may be undertaken at temperatures ranging from 5°C (milk extension) to ambient temperature (recombining and laboratory tests) to 40-55°C in commercial recombining operations (optimum temperature) [4, 14] . Consumer reconstitution is undertaken over the temperature range from 5°C for water from the refrigerator to 85°C for boiling water poured into a container. The extent to which milk powders are insoluble in water has traditionally been measured in the milk powder industry using an insolubility test (solubility index, SI), originally developed by the American Dry Milk Institute [3] and adopted by the International Dairy Federation [27] . Powder is reconstituted 170 A.J. Baldwin in water at ambient temperature (24°C) with a high-speed mixer for 90 s. The undissolved particles are measured by centrifuging the solution and measuring the sediment volume (in millilitres) in tapered and graduated centrifuge tubes. A test based on measuring the total solids of the total solution and the supernatant has been employed in the protein industry [6, 35] . In this paper, the insolubility phenomenon of milk powder in ambient temperature water (24°C) is quantified, and possible explanations for its occurrence are explored. Included within the scope of milk powder are (a) the traditional milk powder products (SMP and whole milk powder (WMP)) and (b) the higher milk protein products such as milk protein concentrate (MPC 1 ) made by membrane processes [8] and native phosphocaseinate products [43] .
CHARACTERISATION OF THE INSOLUBILITY REACTION
The effect of heat on casein has been investigated at laboratory scale. Pioneering work was done by Wright [49] ; he assembled the rates of insolubility formation for powder at a moisture content of 13% and for evaporated milks in the range of 62-72% moisture (28-38% total solids) and estimated the rates at intermediate moisture contents. More recently, a few studies have been done on dry powders [29, 36] . However, it is difficult to study experimentally the intermediate moisture zone.
Studies of the insolubility phenomenon were undertaken at the Fonterra Research Centre. Moist material was produced using SMP and MPC70 as base products. With the moist materials, the reaction followed an S-shaped curve, starting slowly, accelerating rapidly and then levelling off, as illustrated in Figure 1 . The reaction curve illustrated is typical of the behaviour exhibited by moist milk powder material.
Several different techniques were used to form the moist materials. Humidification was best suited to producing a product with a moisture content of up to about 10 g·100 g product . Freeze drying produced materials in the required moisture range. However, as the materials showed a wide range of moisture content depending on the position on the drier tray, an equilibration step was required. It was found that adding powder to a reconstituted concentrate was the method that gave the most control over the final moisture content of the powder.
Products with moisture contents (wet basis) in the range from 10 to 55 g·100 g product −1 were produced. The rates of development of insolubility in the moist products were studied in the temperature range from 5 to 55°C; at any higher temperature, the rates of reaction were too fast to follow with the test procedure employed. The SI sediments (24°C) were expressed on the basis of dry matter in the moist products. The rates of development of insolubility in SMP are shown in Figure 2 [9] .
The trials with different moisture contents demonstrated that the zone of moisture for maximum sensitivity to heat was from 15 to 40 g water·100 g product
. To reach an insolubility of 6 mL at 50°C took 50 h 1 MPC70, 70% protein; MPC85, 85% protein. in concentrate and 70 days in dry powder compared with 10 min in the sensitive zone. Thus, in the moisture-sensitive zone, the rates of insolubility development at 50°C were 100 times faster than those in concentrate and 10 000 times faster than those in dry powder.
The reaction rate was faster with higher protein contents. It was found [9] to be 10 times faster with MPC70 (double the protein content of SMP) than with SMP.
The effect of temperature on the rate of development of insolubility followed an Arrhenius plot (correlation coefficients r 2 = 0.98 or greater), yielding temperature coefficients of 2-3 per 10°C [9] . The temperature coefficients allow estimates of rates of insolubility formation to be made at temperatures higher than those used for the measurements. The information can thus be used in computational fluid dynamic models to simulate insolubility effects in pilot plant and commercial equipment.
Behaviour of moist material
The moist product was stored at −85°C. When it was stored at −18°C (255 K), slow increases in insolubility with storage time were observed. For instance, with a product of moisture content 36 g·100 g −1 , fresh material had an SI of 0.2 mL, whereas a 4-day-old material had an SI of 3.0 mL. Water may still be active at −18°C, as it has been deduced that the water associated with proteins freezes at very low temperatures [30] .
The texture of the material determines how it can be processed. At a moisture content of 19 g·100 g −1 , the material was brittle and could be easily grated. At a moisture content of 25 g·100 g −1
, the material, after treatment for 2 h at −18°C, could be grated; the final product was like breadcrumbs. At a moisture content of 35 g·100 g −1
, the material was pliable but sticky. At higher moisture contents (40 g·100 g −1 ), the material was soft, could be extruded through an icing piping bag and had a very sticky surface. The stickiness of the materials reflected either lactose above the glass transition temperature [41] or, for high protein products, unsatisfied bonds [15] .
HYDRATION OF DAIRY PROTEIN PRODUCTS

Spray drier settings
The insolubility of SMP in drying plants is mainly controlled by two means [22, 38] : (a) control of the temperature of the air in the drying chamber to influence the temperatures experienced by the droplets; products made with low temperatures exhibit improved solubility and (b) a decrease in particle size, which affects the drying time of the particle. A large change in atomisation requires large increases in energy and leads to markedly changed powder properties; SMP becomes dusty and WMP becomes more cohesive.
Similar principles to those for drying SMP can be applied for drying high protein products such as MPC, but the materials are more sensitive and both drying time and drying temperature should be optimised [9] . With optimised conditions, soluble high protein materials can be obtained. However, these materials show a decrease in solubility with storage time [6] , and this loss is very dependent on the storage temperature.
Particle solubilisation
When particles become less soluble, they are visible in the reconstituted powder solution. The effects of the insolubility on the delay in solubilisation can be measured by the particle size distributions of the reconstituted liquids. The particles may take up to 8 h or longer to dissolve [17, 28, 33] . Using laser light scattering, two protein powders differing in solubility test results showed marked differences in their size distributions (Fig. 3) 15 min after the start of reconstitution. One powder was still totally in the particulate region, greater than 1 μm, whereas the other powder was predominantly in the sub-micron micellar region. The hydrating but undissolved particles were of similar size to the particles in the original powder 2 .
Bonding of proteins
The bonds causing the delay of solubilisation of SMP and MPC particles have been investigated.
McKenna [33] studied transmission electron micrographs of liquids from the different stages of manufacture of MPC85 and of reconstituted powders from a storage trial. He observed movement of some protein out of the micelle and a monolayer of close-packed micelles ("skin") at the surface of the particles. He postulated the crosslinking of micelles by non-micellar proteins and by the close association of micelles at the surface.
In SDS-PAGE (sodium dodecyl sulphate and polyacrylamide gel electrophoresis) investigations of freshly dried and stored MPC, it was found that the insolubility did not arise from covalent bonding and therefore it was deduced to be due to weak non-covalent bonds -hydrophobic interactions or hydrogen bonds -that were dissociated by the SDS [6, 24] .
The insolubility in the reconstitution process was investigated directly by determining the effects of adding reagents in place of reverse osmosis water in the dissolution step of the SI test. SMP heat treated in the laboratory was treated with the reagents such as urea, dithiothreitol (DTT), SDS, Tween 20 and sodium citrate. The concentrations and the bonds that were broken are given in Table I [46] .
The results at (a) an initial stage of insolubility formation and (b) mid-way through the process are given in Figure 4 (Baldwin, unpublished results, 2002) . In the initial stages of the insolubility formation, sulphydryl, ionic and hydrogen bonds and hydrophobic interactions all appeared to be involved. With the insolubility reaction well underway, the quantity of sediment appeared to be mostly dominated by ionic and hydrogen bonds. The solubility test study and the PAGE studies showed differences in the effectiveness of SDS. This probably arose from the difference in the concentration of the SDS (concentration SI test, 0.1 g·100 g −1 ; concentration PAGE studies, 10 g·100 g
. A large amount of water is associated with the micelle; it could be physically trapped or it could be loosely bound. The ratio of water to protein at the point of maximum rate of formation of insolubility is approximately mass water:mass protein = 1:1. This is equivalent to a molar ratio of 15 water molecules per amino acid residue. As water is withdrawn during dehydration, the hydration will be reduced and the orientation of the various amino groups and the configuration of the looped protein will be altered [13] . The optimum arrangement will also be affected by the ionic charges arising from the concentration of the mineral ions. As the water concentration is reduced further, the proteins will become less plasticised and will not be able to reorientate as quickly, and the rates of formation of insolubility will become increasingly slower. These concentration effects explain the greater stability at high and low moisture contents.
The degree of plasticisation of proteins by solvents depends on the moisture content and the temperature of the material. For a number of proteins, the protein molecule will rearrange more rapidly at temperatures above 230 K. Gregory [19] has presented a comprehensive review of the plasticisation of proteins by solvents. To explain the results from a number of instrumental techniques, a model was developed in which some regions of the protein structure are rigid and others are more flexible and primarily involved in the conformational change.
Rearrangement of protein conformations to more hydrophobic forms is likely to be at the heart of the casein protein insolubility phenomenon. Changes in the conformation of some individual proteins during dehydration have been demonstrated by a number of workers using Fourier transform infrared (FTIR) analysis [2, 39] . For instance, α-casein changed from an arrangement in solution that was unstructured to an arrangement in powder that had elements of β-sheet structure [39] .
Role of lactose
As a consequence of the increased protein content of MPCs, their lactose content is greatly reduced relative to that of SMP (Tab. II). The role of sugars in the drying process has been investigated in studies of the lyophilisation (freeze drying) of individual proteins. It has been demonstrated that carbohydrate has a role during dehydration in maintaining the native structure of the protein [1, 2, 39] . It has been suggested that the sugars can hydrogen bond to the dried protein in place of the water molecules that are lost as the polar hydration shell is removed.
From these insights, it can be deduced that, in milk products such as SMP and WMP, lactose has a role in the prevention of protein interactions, both by acting as a mechanical spacer and by hydrogen bonding to the protein chain. In addition, being hydrophilic, lactose can act as a pathway for moisture transfer within the micelle in the rehydration process. 
MODIFICATION OF COMPOSITION AND THE ROLE OF MINERAL IONS
High protein powders are manufactured by ultrafiltration (UF), which results in an increase in protein and a decrease in lactose and calcium in the retentate (on a protein basis). The solubility of MPCs in cold water is low, but the solubility of high protein powders can be improved by producing modified products with changed mineral composition. One process is to take UF retentate and, using an ion exchange column, to exchange sodium for calcium [34] .
The products from this treatment are more viscous than untreated products, and this requires an adjustment of the evaporator conditions and a reduction in the total solids of the concentrate at drying. The products are some of the way to exhibiting the behaviour of sodium caseinate, in which the proteins are in a suspension of individual molecules rather than in a micelle.
Another approach to changing the mineral composition is to add salt (NaCl) to the concentrate prior to spray drying [35] . These processes result in improved solubility and also improved stability of the solubility of the product during prolonged storage.
A number of studies on the roles of calcium and phosphate in the casein micelle have been conducted. Reduction of calcium by dialysis (against EDTA) resulted in an increase in casein in the serum compared with the micelles. However, large micelles were still observed [20] and the size distribution of the micelles was claimed to be hardly affected. It can be deduced that the binding forces within the micelle are reduced as the colloidal calcium is reduced.
There have been a number of studies on the effects of the addition of NaCl to milk, concentrated milk and micellar casein. With the addition of NaCl, the hydration at 4°C of the micellar casein was found to increase from 200 to 220 g H 2 O·g protein −1 [21] and the voluminosity at 30°C was found to increase from 3.26 to 3.40 mL·g −1 [44] . Addition of sodium to milk has effects on the distribution of mineral ions. Aoki et al. [7] studied the effects of NaCl (0.1 and 0.3 mol·L
) on skim milks and casein micelle dispersions made from centrifuged casein micelles redispersed in simulated milk ultrafiltrates. The addition of NaCl resulted in an increase in soluble calcium and inorganic phosphate. It also resulted in a decrease in the proportion of casein in the micelle fraction, as observed by gel chromatography (in the presence of urea), indicating that the addition of NaCl loosened the structure of the casein micelles.
Gaucheron et al. [18] observed, using concentrated native casein micelle suspensions, very pronounced increases in Ca 2+ and Mg 2+ in the aqueous phase with the addition of NaCl. The inorganic phosphorus also increased, but to a much lesser extent, leading to an increase in the molar ratio of solubilised calcium to inorganic phosphorus. Similar increases in calcium and inorganic phosphorus in the soluble phase with the addition of NaCl (up to 0.6 mol·L −1 ) were observed with 2× concentrated milks [26] . The zeta potential decreased markedly, but the average casein micelle size remained unchanged.
The effect of the addition of sodium depends on where in the process it is added. NaCl is more effective if it is included in the concentrate and dried with the milk solution [42] . It can be deduced that NaCl is most effective when it alters the binding forces within the micelle during drying.
PROTEIN INSOLUBILITY MECHANISM
The insolubility reaction may arise at the particle surface, between the micelles or at the scale of the protein molecules. Further work is required to elucidate the mechanism.
What is clear is that the ionic environment plays a part in the development of insolubility in casein both in drying and in storage. It is possible that the effect on the protein arises from changes in the orientation of the κ-casein, primarily located at the micelle surface; in unaltered milk, these molecules stabilise the micelles and prevent aggregation. This explanation is in accord with the observed behaviour of the reconstituted particles that absorb water, but the casein micelles dissolve only slowly.
IMPLICATIONS FOR DRYING
The relative rates of development of insolubility, as shown in Figure 2 , have determined the ways in which spray drying has been adapted to the drying of milk powder products:
(a) Drying is done using co-current spray driers, despite countercurrent driers being more energy efficient. The rapid reduction in the drying air temperature, when the air is mixed with the spray of concentrate, results in lower temperatures during the drying process. (b) A minimum residence time while the particles are traversing the moisture content zone from 40 to 15 g·100 g product −1 . (c) Withdrawing powder out of the spray drier at an elevated moisture content, as when secondary drying is employed, allows higher humidity and lower air and particle temperatures in the chamber. (d) Fluid bed secondary driers can run at moderate temperatures without detriment to the powder. (e) Fine particles from the spray drier and the fluid bed drier can be returned to the atomisation zone for agglomeration, as the dry powder is resistant to heat.
The behaviour of the casein proteins also places restrictions on the types of driers that 176 A.J. Baldwin can be used successfully for producing milk powder. It is difficult to produce powders with acceptable solubility from driers that operate at higher temperatures, such as drum driers and driers operating with superheated steam. Products made with reduced calcium contents require different processing conditions from standard products, and these conditions may need to be optimised as energy costs increase and waste management issues receive increased attention.
CONCLUSIONS
The marked differences in the sensitivity to drying of MPC85, MPC70 and SMP arise from the very marked differences in the concentration of lactose, which can act within the micelles both as a spacer and as a hydrogen-bonding species.
The mechanism of insolubility development in the casein protein in milk products has not been fully explained. It is likely to arise from changes in the conformation of the protein molecules to more hydrophobic forms. As well as heat and time of exposure, the extent of the changes is influenced by the ionic environment and by the presence of lactose. Studies utilising individual caseins, or mathematical modelling, may be needed to elucidate the roles of the various components free from the complexities of the milk micelle structure.
Manipulation of the drying conditions and manipulation of the composition can be used to probe the insolubility phenomenon in milk powder products. Information on a number of aspects -the dehydration process, product physical and chemical properties, solubility measurements, instrumental measurements and transmission electron microscopy -is required to give a complete picture of the phenomenon. Both the changes occurring in the drying process and the changes observed in the dry powder during storage require further study.
Great care needs to be taken to avoid correlating phenomena that are not necessarily causally associated.
